Objectives: To identify and measure the magnitude of hand-arm vibration (HAV) and whole-body vibration (WBV) sources (tools, vehicles etc.) in use within a previously unexamined sector: a construction and property management company. To evaluate the effect of factors such as age of tool, materials being worked on, number and location of tool handles, tool weight, and manufacturer brand on HAV magnitude and the effect of factors such as manufacturer machine brand, terrain, and work task on WBV magnitude.
) and angle grinders (0.28-12.25 m s 22 ), and vehicle, e.g. forklifts (0.41-1.00 m s
22
) and tractors (0.04-0.42 m s 22 ). Vibration magnitudes were largely consistent with those found in previous studies. The highest HAV magnitude was measured on a demolition hammer (13.3 m s
) and the highest WBV magnitudes were measured on an excavator with a rock breaking attachment (5.81 m s 22 ). HAV magnitudes were found to be particularly strongly influenced by tool age, while WBV magnitudes varied with work activity and terrain.
Conclusions: Within the construction and management company, few hand tools (3 of 20) exceeded the exposure action values (EAV) specified in the European Physical Agents (Vibration) Directive 2002/44/EC [On the minimum health and safety requirements regarding the exposure of works to the risks arising form physical agents (vibration)], when used for an 8-h period. HAV magnitudes were found to be very dependent on tool age, highlighting the importance of a tool maintenance programme incorporating tool work life prediction supported by regular vibration exposure measurements. Most of the vehicles (10 of 11) tested in this study exceeded the EAV specified for WBV, when operated for 8 h. WBV magnitudes were found to
INTRODUCTION
It is estimated that on average, one in four European workers are exposed to either hand-arm vibration (HAV) or whole-body vibration (WBV) (EU-OSHA, 2008) . HAV occurs where vibrating tools or equipment is gripped by the hand and WBV occurs where the body is supported by a vibrating surface. Excessive or prolonged exposure to HAV is associated with a number of adverse health conditions, known collectively as HAV syndrome, which refers to health effects of the vascular, sensory, and musculoskeletal systems (Griffin, 2004; Dias and Sampson, 2005) . Parameters such as frequency and magnitude and exposure time all influence the level of vibration experienced by the employee (McDowell et al., 2007) .
The health effects of exposure to WBV are said to include low back pain, nausea, headaches, blurred vision, circulatory problems, and degeneration of the nervous system (Cann et al., 2003; Salmoni et al., 2007) . However, the 'cause and effect' for exposure to WBV are not as clear as that for handtransmitted vibration.
European Physical Agents (Vibration) Directive: 2002/44/EC on the minimum health and safety requirements regarding the exposure of workers to vibration requires the employer to complete a vibration risk assessment. The availability of accurate vibration emission data is essential to this process (EU-OSHA, 2008) . Although information such as manufacturer's declared vibration values can be used as a primary basis for a vibration risk assessment, previous research has shown that manufacturer's declared vibration emission data tend to underestimate vibration emissions (Edwards and Holt, 2006; Rimell et al., 2008) . Though expensive and complex, the most reliable risk assessment should involve the measurement of vibration emitted by equipment in the field (Jang et al., 2002; Edwards and Holt, 2006) . Very little is known about the types of equipment used and associated vibration emissions under real work conditions for many occupational sectors across the EU (EU-OSHA, 2008). There has been little research on HAV and WBV sources found in the construction and property management sector. While some research has been conducted on construction equipment, much of the data available are from simulated work tasks (Paddan et al., 1999; Paddan and Griffin, 2002; McDowell et al., 2007; Scarlett et al., 2007; Rimell et al., 2008) or from studies of specialist equipment types (Cann et al., 2003; Newell et al., 2006) This research does not typically report data on the full array of equipment used in the particular sectors or on the vibration magnitudes found during real working conditions (Edwards and Holt, 2007) .
For example, to the authors' knowledge, there are no studies reporting on WBV emissions for some equipment types/operations, such as excavators engaged in drain and weed clearing activities. Nor have the authors located studies reporting HAV emissions on equipment types, such as wacker plates, leaf blowers, concrete scabblers, air hammers, and wood chipping machines. Where available (Cann et al., 2003; Scarlett et al., 2007; Rimell et al., 2008; Costa and Arezes, 2009) , studies tend to qualify vibration emissions in terms of equipment (brand and weight), worker (weight, age, and posture), or task characteristics (terrain and material type) but few qualify vibration emissions in terms of age of equipment. In the workplace, the age of the work equipment is likely to be an important factor, which will often dictate the condition of the equipment and the likely vibration magnitude during use.
The purpose of this study was to catalogue all sources (i.e. hand tools and vehicles) of HAV and WBV used in a construction and property management company to measure associated HAV and WBV under real working conditions and to explore some determinants of vibration emission in each case. This study presents vibration emission data for equipment that-to the authors' knowledgehas not yet been examined under real working conditions. HAV emissions from hand tools will be qualified in terms of brand, age, weight, and material being worked on and WBV emissions from vehicles will be qualified in terms of brand, age, and terrain.
MATERIALS AND METHODS

Workplace description and sampling strategy
This study was carried out in a construction management and property maintenance company. All study protocols were reviewed and approved by the National University of Ireland research ethics committee. The study also included a questionnaire survey element, the results of which are published elsewhere (McCallig et al., 2010) .
All employees (n 5 469) from engineering services and maintenance departments who use vibrating equipment as part of their work were invited to participate. The researcher met with each department and presented an overview of the project goals and explained that worker identification would be kept anonymous.
Of the 289 workers who agreed to participate, all were male, 57% were over the age of 45 years, and the mean number of years working in the organization was 14 (range 0.25-47 years). All participants were trained and had experience using the hand tools and vehicles included in the study. All occupations within the company-general operatives, excavator drivers, stonemasons, carpenters, labourers, fitters, welders, and gardeners-were represented.
To ensure that a representative sample of equipment was included in the study, the total list of vibrating equipment in use within the company was compiled using the company's asset register. Using the list, a total of 20 types of hand tool and 11 types of vehicle were selected for inclusion in the study. This selection was based on frequency of use within the company and also on the equipments' potential for generating high vibration emissions during use.
Vibration measurements were made over a 14-month period, which allowed tools, vehicles, or machines associated with seasonal work to be included. The objective was to sample at least six items of each equipment type (i.e. hand tools and vehicles); however, this was not always possible as some hand tools and vehicles (e.g. wacker plates and wood chipping machines) were used infrequently within the company. On average, HAV measurements were made on 13 hand tools per hand tool type (range 3-30) and WBV measurements were made on 10 items of equipment vehicles per vehicle type (range 3-19).
Vibration measurements were made while workers were operating the equipment as part of their normal work activities. Information, such as the manufacturer brand and model of the equipment, the age, the mode of operation, the presence of any attachments, whether the vehicle was carrying a load, was recorded for each item included in the study. Hand tools included in this study ranged in age from newly purchased (0 years) to 12 years old. Manufacturer brand information was not presented in this paper to preserve anonymity.
Vibration measurement methodology
Vibration measurements were carried out carried out in accordance with ISO 5349-1 (2001) (HAV) and ISO 2631-1 (1997) (WBV). Measurements were made using a Quest Technologies, HAVPro Meter Model 356A67. The meter incorporates a triaxial accelerometer, which conforms to the requirements of ISO 8041 (2005) . The triaxial accelerometer was set up to log frequency-weighted average vibration magnitudes at 2-s interval over the complete measurement period. The accelerometers were calibrated prior to use using a PCB Piezotronics Hand-held Shaker Model 394C06. The calibration procedure was repeated following the measurement of vibration on each tool-vehicle.
For HAV, acceleration measurements were made on the tool handle; for tools with more than one handle, serial measurements were made on each handle. The accelerometer was attached rigidly to the handle of HAV tools using a metal hose clip. Care was taken to ensure that the controls of the hand tool were not impeded by the accelerometer. When measuring stationary tools, such as bandsaws, the accelerometer was mounted to the work piece that was being fed into the tool. Frequency-weighted vibration magnitude (metres per square second) was calculated as the root sum of squares of vibration in the three orthogonal axes (x, y, and z) at the handle.
For WBV, acceleration measurements were made at the operator's seat by placing the flexible plastic seat pad under the operator's ischial tuberosities. Frequency-weighted vibration magnitude (metres per square second) was calculated using the rootmean-square vibration magnitude (RMS) acceleration of the highest of three orthogonal axes (x, y, or z). According to ISO 2631-1 (1997), vibration measurements on the seat and the backrest are required to assess the risks posed by exposure to vibration. However, when assessing the effects of vibration, the procedure specified in ISO 2631-1 (1997) does not take into account the measurements made at the backrest. Therefore, as the data at the backrest would not be used to assess vibration exposure, it was decided to measure vibrations only on the seat surface.
When deciding upon a representative sampling period, care was taken to ensure that the sampling period was representative of the work cycle. Work tasks involving the hand tools or vehicles were observed before measurements commenced. In many cases, in particular work involving hand tools, it was noted that the work was highly repetitive.
For the vast majority of hand tools included in this study, three 20-s HAV measurements were made per tool and then repeated three times. For some hand tools, the measurement period was extended to take account of the work cycle, for example, in the case of chain saws and consaws, three 30-s HAV measurements were made per tool and then repeated three times. Shorter measurement periods (of 5 s) have been used elsewhere with a high degree of repeatability between measures (Paddan et al., 1999) . In the case of WBV, three 1-min measurements were made per vehicle and then repeated three times. Again similar to HAV, to account for the nature of the work, this measurement period was sometimes extended. For example, when measuring WBV in a single cab pick up, a double cab pick up or in a lorry, while on a journey, three 10-min measurements were made per vehicle and then repeated three times. A measurement period of 1 min has been shown to be adequate for WBV assessments (Paddan, 2000) .
Statistical analysis
The mean, median, minimum, maximum acceleration value, and the standard deviation for that hand tool or vehicle were then calculated. Subsequently, oneway analyses of variance (ANOVAs) using RMS accelerations as the dependent variable were conducted to assess the effect of hand tool brand, age, weight, material being worked on, and the measurement handle on the HAV vibration magnitude values and to assess the effect of vehicle brand, terrain, and or work task on the WBV magnitude values.
These analyses were only conducted where greater than three samples were available and so were completed for 14 of the 20 hand tools and 9 of the 11 vehicles. In addition to statistical significance, a measure of strength of association or effect size has been included. Effect size indicates the relative magnitude of the differences between means or the amount of the total variance in the dependent variable that is explained by the independent variable (Tabachnik and Fidell, 2007) . In this case, the partial eta-squared effect size has been used. This indicates the proportion/per cent of variance of the dependent variable that is explained by the independent variable (Pierce et al., 2004) . Values can range from 0 to 1. Cohen (1988) specified the following guidelines for the strength of (partial) eta-squared (0.01/ 1% is a small effect size, 0.06/6% is a medium effect size, and 0.14/14% is a large effect size). Where differences were confounded in the one-way ANOVAs, generalized linear models with two predictors and with robust estimation were constructed.
As this was a study of equipment in functioning worksites where some equipment was used infrequently, data were not available on all tools or machines for all relevant factors. HAV and WBV data actually available are presented in Tables 1 and 2 , broken down by factors and levels of each factor.
RESULTS
Vibration measurement results
The mean, median, maximum, minimum, and standard deviation of the weighted RMS accelerations for all 20 hand tools and 11 vehicles included in this study are presented in Tables 3 and 5. A ) and the highest WBV magnitudes was measured on an excavator with a rock breaking attachment (5.81 m s
À2
). Demolition hammers are prone to generating high vibration magnitudes, and previous studies have shown that high impact percussive tools generate high vibration magnitudes regardless of age (Swuste et al., 1997) .
Statistical analysis of HAV data
ANOVA results and eta-squared effect sizes are presented in Table 4 . The distributions for all 14 hand tools were checked for skewness. Four hand tools were found to have skewed distributions based on the skewness test: the consaw, hedge strimmer, strimmer, and chainsaw. Nevertheless, KruskalWallis non-parametric tests were carried out for all analyses. Only one result differed; while the P-value for the hedge trimmer ANOVA by age group was significant (F [4, 18] 5 3.22, P 5 0.03), this became marginally significant when using the KruskalWallis test (v 2 (3) 5 8.67, P 5 0.07). The one-way between-groups ANOVAs for age were significant for all hand tools apart from the demolition hammer, which only had age data for two consecutive years (Years 3 and 4). The mean differences in scores between the age groups were large as evidenced by large (i.e. !0.14) eta-squared effect sizes for the 13 tools that had significant P-values.
For the eight tool types where sufficient data made post hoc comparisons possible, Tukey's HSD comparisons indicated that the mean vibration magnitudes for five of these: chainsaw, orbital sander, lawnmower, leaf blower, 9-inch angle grinder (228.6-mm grinder), were higher in the 'oldest' groups than the means for all 'younger' age groups. As might have been expected, correlations of age with vibration emissions were also highly significant for the 13 tools with correlations ranging from 0.51 (4) 0(3) 1(6) 2(9) 3(1) 4(3) 4.6(1) 9.4(3) 9.7(3) 9.8(15) Concrete(15) Stone(6) Hedge work (1) Top (15) Back (7) Belt sander B(6) D (3) 2 (6) 5(3) 3.5(6) 5.3(3) Wood (9) Main (9) Orbital sander B(9) 2(3) 4(3) 6(3) 3 (9) Wood (9) Main (9) Demolition hammer D(3) I(9) 3(6) 4(6) 6.5(3) 11.3(9) Concrete (9) for leaf blower to 0.95 for the hedge trimmer, with age explaining between 27and 90% of the variance in vibration magnitudes, respectively. Where possible, for the seven tools with !12 observations, generalized linear models with robust estimation were used to examine whether the significant results reported in Table 4 persisted after controlling for one additional variable. For all seven tools, age remained significant after weight was added (and vice versa). Similarly, for all seven tools, age remained significant after brand was added (and vice versa). For consaw, 5-inch angle (127-mm grinder), there are no Mini digger C(6) D(7) Tarmac(6) Gravel(7) Digging trench on tarmac(6) Digging walkway(7)
Mini dumper A(3) E(3) F(3) G(3)
Concrete ( Numbers in parentheses refers to numbers of samples. changes in significant after material was added and vice versa; however, for the 9-inch angle, grinder material becomes non-significant after age was added.
In the case of the consaw, hedge trimmer, and strimmer, weight remained significant when brand was added and vice versa. For the consaw, 5-inch angle grinder and 9-inch angle grinder, weight also remained significant when material was added and vice versa.
Statistical analysis of WBV data
ANOVA results and eta-squared effect sizes are presented in Table 6 . The distributions for all 11 vehicles were also checked for skewness. Four tools were found to have skewed distributions based on the skewness test, the mini dumper, lawnmower, and excavator. Nevertheless, Kruskal-Wallis nonparametric tests were carried out for all vehicles. None of the significance values differed.
The effect of brand was significant (marginally so in the case of the tractor) for 5 of 11 vehicles, with large eta-squared effect sizes in all cases. There were similar results for terrain, except that some of the vehicles differed (tractor and excavator). Only three of the F-tests for work task were (marginally) significant, with large eta-squared effect sizes in all cases. The lawnmower, single cab, and double cab magnitudes did not vary by any of the three factors. Across some vehicles, there were very strong (if not one-toone) associations between brand and terrain as well as terrain and work task, with the same ANOVA results across the three factors for some machines.
DISCUSSION
Frequency-weighted vibration magnitudes were measured for 20 hand tools and 11 vehicles in use within a construction and property management company. This research provides information required to estimate vibration exposure experienced when operating such equipment.
Vibration magnitudes reported here are within the range of other published data (where it exists) collected during real work conditions (Burstrom et al., 1998; Ikeda et al., 1998; Jang et al., 2002) and collected on simulated work tasks (Paddan et al., 1999) .
HAV predictors
Results from the one-way ANOVA analyses highlighted that age of hand tool was a significant predicator of vibration magnitude for all hand tools apart from demolition hammers. Hand tool weight and brand were found to be significant predictors of vibration magnitude for the belt sander, lawnmower, leaf blower, jigsaw, 5-inch angle grinder, and electric drill (weight only). Material being worked was found to be a significant predictor for the 9-inch angle grinders only. These results were largely mirrored in results from generalized linear models with one predictor. Where possible (for seven, hand tools were n ! 15), generalized linear models were created, which controlled for one additional variable. Age remained a significant positive predictor both in the models where brand and weight were added (and vice versa). Weight was not a consistent predictor: it was only significant for half of the tools and in these cases was neither a consistently positive nor a negative predictor consistent with previous studies (Edwards and Holt, 2005; Vergara et al., 2008) .
When material was explored with weight and age for the two angle grinders, the only change in significance was that material became a non-significant predictor for the 9-inch angle grinder. Models that included both brand and weight could not be constructed.
Companies engaged in construction and property management typically have many local depots to support fieldwork, and it can be quite difficult to track all the tools in circulation within the workplace at any one time, often resulting in many of the tools being omitted from the company maintenance programme. Hand tools included in this study varied in ages from newly purchased to 12 years old. Many of the older tools were not listed on the companies asset register and so were not included on a maintenance programme. Consequently, the most obvious explanations for the strong relationship between age and vibration magnitude seen in this study are wear and tear associated with older age and damaged or blunt tools parts due to poor maintenance. Another possible explanation for the large age effects found in this study is that newer tools are likely to be ergonomically designed and thus more likely to include features, which attenuate vibration. Others have reported that the construction industry tend not to replace tools at a rate in line with the pace of technological development (Edwards and Holt, 2005) , which often results in older equipment with higher magnitudes being used.
WBV magnitude results
WBV measurement results reported here are mostly comparable to previous studies (Malchaire et al., 1996; Cann et al., 2003; Scarlett et al., 2007; Costa and Arezes, 2009 ). However, some (single cab pick ups and excavators) are slightly higher than those reported by Paddan and Griffin (2002) . Higher WBV magnitudes recorded in this study are most likely due to the fact that WBV measurements In all cases, the z-axis was the most severe axis; apart from two exceptions, the tractor and the excavator (weed) where the y-axis were the dominant axis.
Evaluation of HAV and WAV 911 were collected during real work conditions in this study compared to simulated work conditions in Paddan and Griffin (2002) . There is also a very limited amount of data reported on WBV magnitudes for excavators in the literature. In this study, we report data for excavators engaged in a number of activities: tracking, drain clearing, concrete pouring, on a range of terrain types, gravel, and soft field conditions. Results from the one-way ANOVA analyses highlighted that vehicle brand was a significant predictor of vibration magnitudes for some vehicle types; forklift trucks, mini diggers, mini dumpers, dumpers, and tractors. Terrain type was a significant predictor of vibration magnitude for mini diggers, mini dumpers, dumpers, excavators, and tractors. Work task was a predictor for mini diggers, mini dumpers (marginal), and excavators. Partly due to the convenience sampling approach of this study, most confounding factors could not be controlled for. With the exception of the lawnmower, which is always used on grass, and the forklift, which is commonly used on concrete surfaces, brand effects within each machine type were completely confounded by terrain. Similarly, both brand and terrain effects were confounded by work task in the case of the mini digger, mini dumper, single cab, and double cab (and for terrain effects only in the case of the excavator).
Vibration exposure management
The European Physical Agents (Vibration) Directive (2002)/44/EC recommends an exposure action value (EAV) of 2.5 m s À2 and an exposure limit value (ELV) of 5.0 m s À2 for hand-transmitted vibration and an EAV of 0.5 m s À2 and an exposure limit value of 1.15 m s À2 for WBV, both standardized to an 8-h reference period. The compliance of a given hand tool or vehicle with the EAV or ELV is dependent on both the RMS metres per square second value and the exposure time. Using the mean vibration magnitudes and the EAV, it is possible to calculate a maximum trigger time before the EAV is reached for each hand tool or maximum 'anger' time for each vehicle. In this study, three hand tools had trigger times ,8 h (orbital sander: 3 h, demolition hammer: 2 h, and 9-inch angle grinder: 3 h). Ten of the 11 vehicles in this study had an 'anger time' ,8 h and three excavator operations: drain clearance, weed removal, and rock breaking had a maximum anger time of times ,2 h.
These results indicate that workers operating excavating equipment in this sector may be exposed to levels of WBV that exceed the EAV if work activities exceed 2 h day À1 . Furthermore, exposures below the EAV should not be considered as being 'safe' (Griffin, 2004) .
CONCLUSIONS
The purpose of this study was to explore what sources (tools, vehicles etc.) of WBV and HAV were used in a construction and property management company and to measure vibration magnitudes under real working conditions. Where possible, predictors of vibration magnitude were examined. In total, 264 hand tools and 158 vehicles from 20 categories of hand tool and 11 categories of vehicles were tested. This is the first study to report vibration magnitudes for some of the equipment categories presented. Vibration magnitudes were largely consistent with those found in previous studies conducted in controlled or simulated work tasks (Paddan et al., 1999; Paddan and Griffin, 2002;  Scarlett, et al., 2007) with the exception of WBV data, which were slightly higher for some vehicle categories. Age of hand tool was a significant predictor of HAV magnitude, controlling separately for brand and weight for seven hand tools. Brand of vehicle was a significant predictor of WBV magnitude for lawnmowers and for forklift trucks working on concrete surfaces. Exposure action and limit values specified in the European Physical Agents (Vibration) Directive (2002)/44/EC are not likely to restrict work activities involving hand tools, however, may impact on work activities involving heavy equipment, such as excavators. Due to the diversity of tools and vehicles in use within the company, restricting tool or vehicle types used to those with lower emissions would not be feasible. The only alternative is to ensure that adequate vibration risk assessments are undertaken on all tools used and that high-risk equipment is phased out once identified. Differences found across hand tool brands (controlling for age) point to the importance of using vibration magnitude data in selecting new low vibration emitting equipment. This data can be requested from the manufacturer at purchasing or from other resources, such as OPERC. The strong associations observed, in particular between tool age and vibration magnitudes, reiterates the importance of keeping up to date records of the tools in use within the company and of employing a tool maintenance programme to reduce vibration emissions.
As a convenience sampling approach was followed in this study, data were not available for all combinations of predictors of vibration magnitude. Future studies involving more companies and more data could allow more definite conclusions to be made regarding predictors of vibration magnitude under real work conditions.
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